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I  Introduction: 


Between  the  submission  of  the  proposal  and  the  commencement  of  work  on  this 
program,  several  papers  from  the  people  that  initially  developed  the  quantum  cascade  laser 
where  published.  These  papers  demonstrated  improved  designs,  with  increases  in 
operating  efficiency  and  variations  in  wavelength  of  the  lasers.  *  ^  In  order  to  optimize  the 
chances  of  success,  two  separate  designs  were  grown  and  processed.  The  design  from 
reference  1  was  chosen  because  it  possessed  a  higher  efficiency  and,  because  it  was  based 
on  Si  doping  rather  than  Sn,  offered  a  more  straight-forward  chance  for  reproducing  the 
Bell  Labs  results  with  our  equipment.  The  design  in  reference  2  was  chosen  to  give  an 
output  near  4.5  microns.  Additionally,  because  of  the  more  sensitive  detection  equipment 
available  for  this  shorter  wavelength,  we  hoped  to  get  more  information  from  the 
subthreshold  luminescence  from  this  design  in  the  event  that  it  did  not  lase.  A  structure 
was  also  designed  to  extend  this  work  to  the  GaAs/AlGaAs  materials  system.  This  design 
was  based  on  that  for  the  4.5  micron  laser  in  reference  2,  but  involved  some  added 
difficulties  due  to  the  indirect  band  structure  of  AlGaAs  for  A1  mole  fractions  greater  than 
about  0.4.  Because  of  this,  it  seemed  fruitless  to  attempt  to  grow  and  process  this  design 
until  positive  results  were  obtained  on  the  device  designs  which  had  already  been 
demonstrated  at  Bell  Labs. 


n  Work  and  Results: 

The  8.5  micron  design  shown  in  Table  1  illustrates  the  complexity  of  these  devices. 
All  GaIrLAs  and  AlInAs  layers  are  designed  with  indium  mole  fractions  of  0.532  and  0.524 
respectively  so  they  will  be  lattice-matched  to  the  InP  substrate.  If  the  compositions 
deviate  too  far  from  these  values  dislocations  will  be  introduced  during  the  5.5  microns  of 
material  growth  which  will  impede  laser  operation.  By  comparison,  our  typical  production 
device  thickness  in  this  material  system  is  less  than  1  micron.  Good  surface  morphology 
and  the  High  Resolution  X-Ray  Diffraction  (HRXRD)  scans  in  Figure  1  verify  that  good 
lattice  matching  was  accomplished  for  both  laser  samples,  although  slightly  better  for 
#8999.02  than  for  #8997.02.  In  the  x-ray  scans,  the  angular  positions  of  the  various  peaks 
corresponds  to  the  perpendicular  lattice  constant  of  the  associated  layer.  Thus,  the  peak 
seperation  is  indicative  of  the  degree  of  lattice-matching.  From  the  scans,  one  can  see  that 
the  molar  fractions  of  the  layers  in  wafer  #8997.02  are  withing  0.006  of  the  target  values 
while  those  in  wafer  #8999.02  are  within  0.004  of  the  target  values.  This  data  indicates 
that  we  were  successful  in  controlling  the  GalnAs  and  AlInAs  compositions  to  grow  these 
thick  lattice-matched  structures  in  a  production  environment. 

A  photoluminescence  spectrum  from  sample  #8997.02  is  shown  in  Figure  2.  In 
this  wavelength  range,  one  would  not  see  luminescence  originating  from  either  bulk 
AlInAs  or  bulk  GalnAs  layers.  Quantization  effects,  however,  will  shift  the  luminescence 
wavelength  of  the  thin  GalnAs  layers  in  the  quantum  well  region  of  the  device  to  shorter 
wavelengths,  so  they  are  evident  in  this  range.  Observation  of  room  temperature 
photoluminescence  from  the  quantum  well  region  of  the  sample,  especially  considering  the 
thickness  of  material  above  it  in  the  structure,  indicates  efficient  conduction-  to  valence- 


band  radiative  recombination  and  thus  good  material  quality.  After  characterization,  these 
samples  were  sent  to  David  Sarnoff  Research  Labs  (DSRL)  for  processing  and  testing. 

Sections  of  both  samples  were  cleaved  and  processed  into  stripe  lasers.  An  Si02 
layer  150  nm  thick  was  deposited  and  patterned  to  define  the  laser  stripes  of  varying 
width.  AuGeNiAu  contacts  were  deposited  on  the  epi  side,  and,  after  thinning  to  100 
microns,  on  the  substrate  side  as  well.  Laser  bars  were  cleaved  with  a  cavity  length  of 
1mm  and  the  facets  were  coated  to  a  reflectivity  of  30%. 

The  lasers,  mounted  in  TO-46  packages,  were  cooled  to  78  K  in  a  cryogenic 
Dewar  for  testing.  For  this  wavelength  range,  a  thermopile,  lock-in  amplifier,  and  chopper 
operating  at  25  Hz  were  used  to  test  for  laser  emission.  Because  the  detector  is  a  thermal 
detector  rather  than  a  photon  detector,  it  operates  at  slower  speeds,  but  should  have  a  flat 
spectral  response.  As  such,  the  measurement  system  was  tested  with  a  1.5  micron  CW 
laser.  At  10  mW  of  laser  output,  the  detector  register  1.0  mV  compared  to  the  noise 
floor,  with  the  laser  off,  of  0.003  mV.  Thus,  a  signal-to-noise  ratio  of  1  should  be  attained 
with  a  CW  power  as  low  as  0.03  mW. 

The  measured  I-V  characteristics  are  in  good  agreement  (within  10%)  of  the 
values  expected  from  the  Satori  paper.'  To  attempt  to  observe  lasing  from  these  devices, 
four  lasers  were  pulse  tested  with  100  nS  pulses  at  a  2%  duty  cycle.  Threshold  was 
expected  at  a  pulsed  drive  current  near  440  mA;  however,  no  lasing  was  observed  even  up 
to  1.8  A.  Because  of  the  low  duty  cycle,  the  output  power  necessary  to  achieve  a  unity 
S/N  increased  to  1.5  mW.  Although  this  power  level  should  easily  have  been  achievable  if 
the  device  had  reached  threshold,  it  is  unlikely  that  subthreshold  spontaneous  emission 
would  be  observable  with  this  detection  system. 

Because  lasing  was  not  observed  in  the  samples,  a  second  round  of  processing  and 
testing  was  performed  in  an  effort  to  more  closely  replicate  the  processing  conditions  from 
the  Bell  Labs  paper.  First,  non-alloyed  Ti/Au  contacts  were  used  instead  of  the  alloyed 
AuGeNiAu  contacts  employed  for  the  first  processing  run.  Although  the  I-V 
characteristics  of  the  tested  lasers  were  in  good  agreement  with  that  expected  from  the 
referenced  work,  there  was  concern  that  the  alloying  process  might  effect  the  properties  of 
the  laser.  Second,  a  20  micron  wide  ridge-waveguide  structure  was  used  instead  of  the 
stripe  laser  measured  in  the  first  go-around.  Finally,  since  the  AI2O3  facet  coating 
becomes  absorbing  to  radiation  longer  than  6.5  microns,  no  facet  coatings  were  used  in 
the  next  processing  run. 

This  second  processing  run  was  performed  simultaneously  on  sections  from  wafers 
#8999.02  (K  ~  8.5  microns)  and  #9338.02  (X  ~  4.5  microns).  This  second  sample  was 
based  on  the  design  in  reference  2  as  shown  in  Table  2.  In  that  work,  Sn  was  used  as  the 
n-type  doping  to  enable  very  high  doping  of  the  contact  layer.  This  doping  is  necessary 
not  to  reduce  contact  resistance,  but  to  “decouple  the  guided  laser  mode  from  the  surface 
plasmon  mode  propagating  at  the  metal  contact/semiconductor  interface.”^  Since  Sn 
doping  is  incompatible  with  our  production  uses  of  the  MBE  reactor,  it  was  impossible  to 
use  Sn  for  the  growth  of  these  layers  and  Si  was  substituted  as  the  n-type  doping  source. 

Four  devices  from  wafer  #8999.02  and  three  from  wafer  #9338.02  were  examined 
at  DSRL  with  the  same  result  as  before-  no  optical  emission  was  observed.  To  verify  that 
the  problem  did  not  lie  with  the  measurement  setup,  the  testing  was  repeated  at  Lucent 
Technologies.  A  4.5  micron  laser  fabricated  by  Dr.  Capasso’s  group  (part  of  the  original 


team  that  demonstrated  the  quantum  cascade  laser)  was  used  to  verify  that  the 
measurement  system  was  working  correctly.  A  2-3  f.iV  noise  floor  for  this  setup 
corresponds  to  a  minimum  detectable  power  of  ~10  pW.  Under  the  testing  conditions  of 
300  nS  pulses  at  a  0.06%  duty  cycle,  a  minimum  power  of  17  nW  is  detectable.  This 
should  be  low  enough  to  see  subthreshold  spontaneous  emission  should  the  laser  be  close 
to  threshold.  Still  no  output  was  observable  from  any  of  the  lasers  even  up  to  drive 
currents  of  5  A. 


m  Problems: 

The  difficulty  we  have  had  reproducing  the  Bell  Labs  results  and  absence  in  the 
literature  of  other  groups  successfully  demonstrating  a  quantum  cascade  laser  indicates  the 
extreme  complexity  of  this  device.  A  discussion  with  the  person  at  Bell  Labs  responsible 
for  the  growth  of  the  lasers  indicated  that  there  were  no  “tricks”  to  the  growth,  however, 
there  are  still  several  possible  reasons  for  our  inability  to  obtain  working  devices.  One 
obvious  potential  difficulty  concerns  differences  in  machine  calibration.  Because  the 
emission  process  is  so  dependent  on  the  exact  layer  thicknesses  in  the  quantum 
well/superlattice  region,  even  very  small  errors  could  potentially  cause  large  changes  in 
device  performance,  or  lack  of  operation  at  all.  At  QED,  we  use  HRXRD  measurement 
of  calibration  structures  to  calibrate  layer  compositions  and  thicknesses.  We  find  this 
method  produces  very  reproducible  results  which  we  feel  also  have  a  high  degree  of 
absolute  accuracy.  Nevertheless,  it  is  possible  that  our  layer  thicknesses  might  not  agree 
with  those  from  an  MBE  reactor  calibrated  using  other  methods-  even  though  these 
methods  might  also  be  very  reproducible.  In  such  circumstances  it  is  very  helpful  to 
perform  a  cross-calibration  wherein  one  calibration  sample  is  analyzed  by  both  facilities  to 
determine  if  some  calibration  differences  might  exist.  Since  Bell  Labs  was  not  a 
collaborator  in  this  project,  however,  this  cross-calibration  was  not  possible.  Furthermore, 
since  an  indication  of  the  layer  thickness  accuracy  necessary  to  produce  an  operational 
device  has  not  been  published,  it  is  difficult  for  us  to  determine  whether  our  calibration 
methods  are  sufficient  to  produce  an  operational  device. 

Some  design  differences  might  have  contributed  to  the  unsuccessful  results  as  well. 
At  least  in  the  case  of  the  4.5  micron  lasers,  there  may  have  been  differences  caused  by 
using  Si  instead  of  Sn  for  the  n-type  doping.  It  is  very  possible  that  the  Si  doping  will  not 
activate  well  at  the  very  high  2x10^  cm‘^  levels  necessary  for  this  structure.  This  would 
lead  to  increased  loss  for  the  lasing  mode  and  possibly  prevent  lasing,  but  should  not 
prevent  the  observation  of  spontaneous  emission.  Potentially,  unintentional  diffusion  of 
the  Sn  doping  in  the  Bell  Labs  growth  might  also  have  changed  the  structure  in  ways 
difficult  to  reproduce  with  Si  doping.  It  is  also  probable  that  some  ambiguities  in  the 
design,  such  as  the  method  for  performing  the  compositional  grading  between  some  layers 
in  the  structure  resulted  in  a  device  that  would  not  lase.  Again,  however,  one  would 
expect  this  to  decrease  the  efficiency  compared  to  a  more  optimized  structure,  but  not 
eliminate  the  spontaneous  emission  altogether. 

The  first  successful  demonstration  of  the  quantum  cascade  laser  occurred  only 
after  a  series  of  steps  developing  the  technology  to  produce  these  devices."*  *  In  addition 


to  allowing  for  optimization  of  the  growth  conditions,  such  as  substrate  temperatures  and 
V/III  ratios,  on  simpler  structures,  the  development  process  necessarily  resulted  in  a 
design  which  was  optimized  for  the  growth  methodology  employed  at  Bell  Labs. 

Following  a  similar  procedure,  however,  was  not  possible  both  because  of  the  available 
time  for  the  program  and  the  available  characterization  resources.  For  example,  the  peak 
optical  power  output  from  the  LEDs  in  reference  6  was  only  6  nW,  which  is  several  orders 
of  magnitude  below  the  minimum  detectable  signals  on  the  DSRL  equipment.  As  a  result 
it  was  difficult  to  gather  information  from  our  unsuccessful  devices  to  use  in  improving 
later  interations. 


rv  Conclusion: 

The  complexities  of  the  quantum  cascade  laser  make  it  extremely  difficult  to 
reproduce  based  solely  on  the  published  designs  without  a  more  lengthy  development 
process  or  closer  collaboration  with  those  who  have  demonstrated  the  device.  More 
detailed  discussion  with  the  crystal  growers,  cross-calibration,  and  the  ability  to 
characterize  material  that  resulted  in  working  devices  would  allow  problems  with  the 
growth  of  these  devices  to  be  identified  and  corrected.  Similarly,  processing  and  testing 
material  that  was  known  to  yield  working  lasers  would  allow  identification  and  correction 
of  any  processing  problems.  Without  such  a  collaboration  or  technology  transfer 
arrangement,  however,  a  more  involved  devlopment  effort  would  be  necessary  to  ensure 
successful  demonstration  of  these  devices.  A  program  to  first  demonstrate  the  correct 
absorption  properties  of  the  such  structures  and  allow  optimization  of  the  material  growth 
would  seem  a  realizable  first  step.  Following  this  one  could  work  on  demonstrating 
spontaneous  emission  and  then  lasing.  During  this  development  process,  access  to  a 
suitable  measurement  system  for  observing  very  small  signal  levels  would  be  necessary  to 
allow  the  optimization  process  to  take  place. 


Table  I:  Quantum  cascade  laser  design  for  high  efficiency  output  at  8.5  microns. 
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Table  2:  Structure  for  4.5  micron  laser. 
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Figure  2:  Photoluminescence  from  sample  ir8997.02  indicating  band-to-band  recombination  in  quantum 
well  region. 
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